also been incorporated in the broad program.
From the earliest laboratory tests, these two relatively new metals have exhibited unique corrosion resistant properties. More recently, numerous evaluation studies have shown that titanium is a potential replacement for j stainless steels in many applications. Zirconium, on the other hand, is similar in its corrosion properties to tantalum and may ultimately be used as a replacement or substitute for the less abandant and expensive metal, tantalum.
Due to the general similarity of titanium to stainless steels and zirconium to tantalum, these metals and alloys have been used in companion or parallel corrosion tests for comparison data of their relative corrosion resistance.
In the present reporting period, tests have been made on the corrosion resistance of zirconium and zirconium alloys in hydrochloric acid (embrittlement tests), sulfuric acid, and phosphoric acid. A comparison was made of the relative corrosion resistance of low hafnium arc melted zirconium and zirconium containing less than 3 percent hafnium induction melted in graphite. A series of zirconium alloys was subjected to tests in various rocket fuels and substitute ocean water spray. Corrosion rates were deter-4 mined for zirconium and stainless steel in aqua regia. Titanium, zirconium, and stainless steel were also tested in ammonium chloride solutions and boilIng substitute ocean water. Titanium and lead were exposed to sulfuric and nitric acid mixtures.
Galvanic corrosion tests were conducted on titanium coupled with magnesium, zinc, aluminum, lead, tin, nickel, and copper. Galvanic potentials and corrosion rates were determined in substitute ocean water, one percent hydrochloric acid, and one percent sodium hydroxide solutions. Solution potentials were determined in substitute ocean water under different conditions of aeration. Open circuit potentials were determined and the potential of each metal relative to the saturated calomel half-cell was recorded for magnesium, tin, and nickel coupled with titanium.
Arc melted zirconium alloys -hydrochloric acid under pressure (embrittlement tests):
Tests were conducted on a series of one hundred and three zirconium alloys furnished by the Northwest Electrodevelopment Laboratory of the Bureau of Mines at Albany, Oregon. The samples were exposed for six days in concentrated (37 percent) hydrochloric acid at 60 0 C. Individual specimens were sealed in glass tubes half-filled with acid (70-85 ml.) and tested under the pressure developed at this temperature, calculated to be approximately three atmospheres.
The zirconium binary alloys investigated included: silver, nickel, aluminum, silicon, tungsten, molybdenum, antimony, iroi., copper, manganese, cobalt, tantalum, cerium, chromium, and beryllium. Twenty gram compacts of all the alloys were prepared from accurately weighed metal powders of the best quality available and minus 10-mesh X-grade zirconium chips of the following composition: The pressed compacts were arc melted with a tantalum tipped electrode in a helium atmosphere, sheath rolled at 850 0 C, the sheath removed, and the alloys pickled and sand blasted. Previous experience in arc melting indicated that the alloy content was normally 0.1 to 0.2 percent less than the nominal values, consequently, the individual arc melted ingots were not chemically analyzed.
The results of the tests in hydrochloric acid are recorded in Tables I and II . Alloys of zirconium with tantalum, molybdenum, silver, manganese, aluminum, and chromium possess the greatest corrosion resistance.
The corrosion rates for these binary alloys ranged from 0.00 to 25.2 mils per year. Alloys with nickel, tungsten, copper, cobalt, and beryllium were the least resistant. At room temperature and atmospheric pressure, the corrosion rate for an 8 percent nickel alloy was 116 mils per year and for a 10 percent copper alloy, 80.6 mils per year.
In general, increasing amounts of the alloying constituent caused a decrease in the corrosion resistance of the alloys.
Forty-six of the alloys which had an average corrosion rate of less than 4 ails per year in the tests at 60 0 C were selected for further tests at l000C. Under these conditions the pressures developed were much higher, (about 11 atmospheres). Results of these tests are recorded in Table II Zirconium-titanium alloys --hydrochloric, sulfuric, and phosphoric acids:
.A series of zirconium-titanium alloys were tested at 55 0 C and 60 0 C for six days in aerated 5, 10, 12.5, 15, 17.5, and 20 percent hydrochloric acid solutions and in non-aerated 37.5 percent (concentrated) acid. Additional tests were also performed at 35 0 C and 60 0 C in aerated sulfuric acid solutions ranging in concentration from lOto 96.5 percent (concentrated) and in aerated phosphoric acid solutions ranging in concentration from 10 to 40 percent.
The results of these tests are shown in Table III Green colored corrosion products were present on the evenly corroded surfaces of these samples. Corrosion rates were 0.47 and 0.48 mils per year, respectively. (Table IV) Zirconium alloys--rocket fuels:
Ninety-one of the Bureau of Mines arc melted zirconium alloys were tested at room temperature for thirty days in red fuming nitric acid. A majority of the samples showed gains in weight caused by the formation of blueto-black colored films on the surfaces. The samples showing the greatest corrosion resistance were the tantalum alloys (5, 10, and 15 percent TO), molybdenum alloys (5 and 10 percent Mo), a 3 percent iron alloy, a 2 percent silicon alloy, and two copper alloys (7 and 10 percent Cu). These samples Zirconium--aqua regis:
Samples of two different lots of arc melted, low hafnium, hot rolled zirconium metal and samples of six different lots of arc melted, low hafnium, cold rolled zirconium metal were tested at room temperature for -7-fourteen days in concentrated aqua regia (3 parts of concentrated HC1 plus I part of concentrated HNO 3 ) solution. Neither the hot rolled nor the cold rolled metal showed substantia co)rrosin resistance although the hot rolled metal gave much lower rates (156 mils per year average) than the cold rolled metal (357 mils per year average). Corrosion rates for these samples are recorded in Table VIII .
Titanium, zirconium, and stainless steel--ammonium chlo ride solutions:
Titanium, zirconium, and Carpenter No. 20 stainless steel were tested for six days at 600C and 100 0 C in aerated 1 and 10 percent ammonium chloride solutions. Corrosion rates were negligible for all three materials as shown in Table IX . Tests were also made for six days in boiling 10 percent and saturated solutions of ammonium chloride. In both solutions, rates for titanium and zirconium were negligible. However, the titanium samples showed typical "chloride pitting" consisting of rather large but shallow pits filled with corrosion products. The stainless steel samples were badly pitted, especially in the saturated solution. Rates in the 10 percent and saturated solutions were 5.02 and 20.1 mils per year, respectively.
Titauium--inorganic compounds:
Corrosion rates for titanium in aerated 5 and 20 percent trisodium phosphate solutions and in aerated 2 percent calcium hypochlorite solution at 600C for six days were negligible. (Table IX) In aerated 5 percent sulfuric acid at 600C for six days the corrosion rate was found to be 190 mils per year.
Titanium and lead--sulfuric and nitric acid mixtures:
Titanium and lead were tested in concentrations (60-70 percent) of -8-sulfuric acid. This strength acid is approximately that of "chamber acid"
formed in the lead chamber process for the production of sulfuric acid.
Enough nitric acid was added to give a concentration of 1 percent. Corrosion rates were determined in these aerated acid mixtures at 1)0oC for six days.
Corrosion rates for lead were low but those for titanium were excessively high. (Table IX) Titanium, zirconium, stainless steel, and monel metal--boiling substitute ocean water:
Samples of titani .m, zirconium, Carpenter No. 20 stainless steel and monel metal were tested for seven days in boiling substitute ocean water.
All of the samples gained very slightly in weight caused by the formation of very thin, varicolored, iridescent films on their surfaces. However, there was no pitting or any other form of corrosion on any of the samples.
Titanium--galvanic corrosion studies:
Galvanic corrosion studies of titanium coupled with common metals were initiated. Preliminary tests were made to find the difference in corrosion rate between coupled and uncoupled samples. Non-aerated, air-aerated a 1 a helium-aerated substitute ocean water (A.S.T.M. designation D-l1I-5OT), one percent hydrochloric acid and one percent sodium hydroxide were used in the room temperature tests. Titanium was completely immune to corrision under these conditions.
Titanium--metal couples in substitute ocean water:
With few exceptions the coupled samples showed the greatest average corrosion rates. (Table X ) All tests with magnesium were of short duration because of disintegration of the coupled magnesium samples. The uncoupled :a.n-nesium samples showed a slight gain in weight due to the formation of an -9-adherent film on their surfaces. The corrosion rate of the uncoupled zinc samples in non-aerated solutions was greater than that of the coupled samples.
There was no difference in the corrosion rates of coupled and uncoupled aluminum in either non-aerated or air-aerated solutions. In helium aerated solution, however, the rate for coupled aluminum was greater than that for the uncoupled metal. The corrosion rate of uncoupled lead was slightly higher than the coupled in air-aerated solutions. The corrosion of nickel under all conditions of aeration was negligible. The corrosion rates of copper coupled and uncoupled, in air-aerated solutions were identical. The rate for uncoupled copper in the helium-aerated solution was slightly higher than the coupled metal.
Titanium--metal couples in 1 percent hydrochloric acid:
With the exception of tin in mn-aerated one percent hydrochloric acid and nickel in air-aerated solution, the coupled metals showed the greatest corrosion rates. (Table XI) Titanium--metal couples in 1 percent sodium hydroxide solution:
The corrosion rate of magnesium, both coupled and uncoupled, in one percent sodium hydroxide was zero or negligible under all three conditions of aeration. - (Table XII) The corrosion rate of both coupled and uncoupled was zinc in non-aerated solution/quite low, although a slight gain in weight 3f each of the samples caused by the formation of an adherent film on the surfaces was noted. There was a very rlight difference between the average corrosion rates of coupled and uncoupled zinc in both air-aerated and helium-aerated solutions. Tests of aluminum in one percent sodium hydroxide were of short duration due to ripid attack on the metal. The corrosion rate for uncoupled -10-aluminum was greater than the coupled in both non-aerated and alr-aerated solutions. The rates for uncoupled lead and tin in air-aerated solutions were greater than the coupled metals. The corrosion of nickel under all conditions tested was negligible. The rates for copper in air-aerated and helium-aerated solutions were essentially zero. There again, a slight gain in weight of each of ttt samples was recorded.
From the data obtained, titanium should be placed at the bottom of the galvanic series (i.e. titanium is more noble or cathodic than any of the metals tested).
Solition potentials of metals:
Studies were made to determine the solution potentials of titanium and seven other metals on which galvanic corrosion studies are being made.
Tests were made in non-aerated, air-aerated and helium-aerated substitute ocean water at 35 C. Potentials were measured relative to the saturated calomel half-cell with an L and N Type K-2 potentiometer.
The metals tested are arranged in a galvani: series in Table XIII according to the average potential of the metal. Potentials are recorded relative to the normal hydrogen electrode (i.e. metals with a minus (-) voltage value are less noble than the hydrogen electrode and those with a plus (+)
value are more noble). This sequence was valid for all types of aeration with the exception of helium-aerated solutions in which nickel was slightly more noble than titanium. Initial EMF was recorded immediately after placing the metals in the sol~tion. Average EXF is the average of the voltages recorded after the first twenty-four hours of the test. The solution potential of alumiaum was considerably less initially than at the end of twenty-four hours and that of nickel and titanium was greater.
With a slight rearrangement of the metals in the middle of the series, this galvanic series woAd be similar t.) a series arranged according to increasing nobility relative to corrosion rate. (Table XIII) The results further confirm the data obtained in the preliminary tests regarding the relative nobility of titanium.
Electrical measurements of metal couples:
Tests have been completed in non-aerated and air-aerated substit'te ocean water at 35 0 C in which the open circuit potential measurements between coupled and uncoupled metals, the potential of each metal relative to the saturated calomel half-cell and the average current between coupled samples have been determined usng magnesium, zinc, tin and nickel coupled with titanium. It was found that titanium coupled to another metal and exposed to substitute ocean water undergoes polarization effects which causes it to assume a potential nearly equal the potential of the coupled metal. The recorded average final potentials in the tables were recorded approximately five minutes after the circuit between coupled samples was broken. This was necessary due to a rapid change in potential because of breakdown of polarization effects immediately after breaking the circuit.
When tin (Table XV) and nickel (Table XVI) were coupled with titanium the polarization effects of both members of the couple were so great that no measureable amount of current flow could be detected at any time. The current flow between magnesium-titanium couples (24.5 milliamperes in nonaerated and 21.5 milliamperes in air-aerated solutions) ( Table XIV) and zinctitanium couples (0.3 milliamperes and 0.4 milliamperes respectively) Table   XVII ) was less than might be expected from their solution potentials.
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The average corrosion rates of coupled magnesium (895 mils per year in non-aerated and 1190 mils per year in air-aerated solutions) were higher than uncoupled magnesium (22.4 mils per year and 58.7 mils per year respectively), while the difference between coupled zinc (9.11 mils per year and 8.7 mils per year respectively' and uncoupled zinc (1.27 mils per year and 8.2 mils per year respectively) was not so pronounced. Coupled tin shoved a slightly higher corrosion rate than the uncoupled metal in both non-aerated and airaerated solutions. There may have been a very small flow of current that could not be measured. The corrosion rate of nickel (less than 0.2 ails per year) and the difference between coupled and uncoupled specimens were negligible. It may be tentatively concluded that corrosion due to galvanic action does not occur when equal areas of nickel and titanium are coupled and exposed to non-aerated or air-aerated substitute ocean water.
Future program:
The program for the immediate future will include a continuation of tests on titanium and zirconium metals and their alloys with inorganic and organic compounds at different concentrations and temperatures. A comparison of the relative corrosion resistance of arc melted metals (both titanium and zirconium) and metals melted in graphite will be continued. Further tests will be made on zirconium alloys in materials used for rocket fuels and in simulated marine atmosphere (salt spray) tests.
Galvanic corrosion research will be continued on titanium and zirconium and their alloys. Galvanic corrosion tests to date have been limited to tests with equal areas for each electrode. Future work will include variation in ratio of areas of electrodes as well as tests vith additional metals and electrolytes. .00 440 Tests were run for Ux-days unless otherwise indicated and aerated at the rate of 250 ml.of air per minute. All tests in 37.5% KCl were non-aerated and static. -19- Specimen configuration -l"xO.5"xO.O 4 0" (approx.)
Samples were run at room temperature for 30 days.
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so4 41 Specimen configuration -Ziroonium -I" x 10 x 0,040* Stainless Steel -1" x 1" x 0.0820 -33- # Increase in weight caused by f1s formation.
Tests were all run at room temperatue Speiolen configuration -1/29 x 6' z (0.0400 -0.0601) Tests were all run at room temperature.
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